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ABSTRACT
A giant star-forming region in a metal-poor dwarf galaxy has been observed in optical lines with
the 10-m Gran Telescopio Canarias and in the emission line of CO(1-0) with the NOEMA mm-wave
interferometer. The metallicity was determined to be 12 + log(O/H) = 7.83 ± 0.09, from which we
estimate a conversion factor of αCO ∼ 100 M pc−2
(
K km s−1
)−1
and a molecular cloud mass of
∼ 2.9× 107 M. This is an enormous concentration of molecular mass at one end of a small galaxy,
suggesting a recent accretion. The molecular cloud properties seem normal: the surface density,
120 M pc−2, is comparable to that of a standard giant molecular cloud, the cloud’s virial ratio of
∼ 1.8 is in the star-formation range, and the gas consumption time, 0.5 Gyr, at the present star
formation rate is typical for molecular regions. The low metallicity implies that the cloud has an
average visual extinction of only 0.8 mag, which is close to the threshold for molecule formation.
With such an extinction threshold, molecular clouds in metal-poor regions should have high surface
densities and high internal pressures. If high pressure is associated with the formation of massive
clusters, then metal-poor galaxies such as dwarfs in the early universe could have been the hosts of
metal-poor globular clusters.
Keywords: ISM: molecules — galaxies: dwarf — galaxies: individual (Kiso 5639) — galaxies: ISM —
galaxies: star formation
1. INTRODUCTION
Kiso 5639 (Miyauchi-Isobe, Maehara, & Nakajima
2010) is a dwarf galaxy with a kpc-size starburst at
one end, giving the system a tadpole or cometary shape
(Elmegreen et al. 2012). The rotation speed of ∼ 35
km s−1 (Sa´nchez Almeida et al. 2013) combined with
a radius of 1.2 kpc in the bright part of the disk im-
plies that the dynamical mass there is 3×108/ sin2 i M,
which is a factor of ∼ 6 larger than the stellar mass of
5 × 107 M from Sloan Digital Sky Survey photometry
(Elmegreen et al. 2012) and comparable to the total Hi
mass of ∼ 3× 108 M (Salzer et al. 2002).
The galaxy is a member of our spectroscopic survey
of 22 low metallicity dwarfs where the metallicity in the
starburst “head” appears to be less than in the rest of
the galaxy (the “tail”); 16 others in this survey have the
same metallicity drop, 3 do not and 2 are ambiguous
(Sa´nchez Almeida et al. 2013, 2014, 2015). This pecu-
liar pattern of metallicity suggests that the starbursts in
these systems were triggered by accreting gas with lower
metallicity than in the rest of the galaxy. Other exam-
ples of metallicity drops were reported in Levesque et al.
(2011), Haurberg et al. (2013) and Lagos et al. (2018).
HST observations of Kiso 5639 (Elmegreen et al. 2016)
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in six UV-optical and Hα filters were used to resolve
the head and derive the star formation properties. The
head contains 14 young star clusters more massive than
104 M and an overall clustering fraction for star forma-
tion of 25 − 40%. The Hα luminosity of the core region
of the head is 8.8 ± 0.16 × 1039 erg s−1 inside an area
of 3.6 × 3.6 square arcsec. The corresponding star for-
mation rate is ∼ 0.04 M yr−1. This rate is based on
a conversion factor of SFR = 4.7 × 10−42L(Hα) M
yr−1(erg s−1)−1 that is appropriate for low metallicity,
which introduces a factor of 0.87 times the standard value
(Hunter et al. 2010; Kennicutt & Evans 2012). For a
distance of 24.5 Mpc (Elmegreen et al. 2012), the corre-
sponding area is 0.18 kpc2 (430×430 square pc), and the
star formation rate per unit area is 0.23 M pc−2 Myr−1.
This is a high rate for a small galaxy and it suggests
there is a large reservoir of dense gas in the head. For
the conventional molecular gas consumption time of ∼
2 Gyr (Bigiel et al. 2008), the molecular mass surface
density would be 450 M pc−2, which is ∼ 40 times
higher than the average stellar surface density and ∼ 7
times higher than the average dynamical surface density
in the bright part of the disk. For the Kennicutt-Schmidt
relation in whole galaxies from Figure 11 in Kennicutt &
Evans (2012), the required gas surface density would be
∼ 200 M pc−2. These high gas surface densities suggest
that Kiso 5639 is lopsided and recently accreted at least
∼ 108 M of gas on one side. Simulations of such a
process are in Verbeke et al. (2014) and Ceverino et al.
(2016).
Detection of CO emission from the head of Kiso 5639
would help to clarify the situation. The metallicity of this
galaxy, determined with the 2.5m Nordic Optical Tele-
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2scope from the [NII]λ6583 to Hα line ratio in Sa´nchez
Almeida et al. (2013), was 12 + log(O/H) ∼ 7.48± 0.04.
CO is highly underabundant compared to H2 at low
metallicity (Leroy et al. 2011). The lowest metallicities
in regions detected in CO, i.e., 7.5 in Sextens A and DDO
70 (Shi et al. 2015, 2016) and 7.8 in WLM (Elmegreen
et al. 2013; Rubio et al. 2015) occur in dwarf Irregular
galaxies where the CO clouds are small and in the cen-
ters of large HI and H2 clouds. For the large molecular
mass expected in Kiso 5639 and in other galaxies of its
type, CO emission should be more evident.
To search for CO in Kiso 5639, we observed CO(1-0) in
the head region with NOEMA in D configuration. The
result was a detection corresponding to a gas surface den-
sity similar to that estimated above, depending on the
assumed αCO conversion factor. Because the metallicity
is important for this αCO, we re-observed Kiso 5639 in
several optical lines including [OII]λ3727 and [OIII]λ4363
using the 10m Gran Telescopio Canarias (GTC) to get
the metallicity again. The observations, results, and im-
plications are discussed in the next three sections.
2. OBSERVATIONS
2.1. Metallicity
The metallicity of Kiso 5639 is central to the dis-
cussion on the origin of the CO emission. Sa´nchez
Almeida et al. (2013) found a drop in metallicity coincid-
ing with its largest star-forming region, with the value
of 12 + log(O/H) ' 7.5. This estimate was based on
the strong-line ratio N2 (log([NII]λ6583/Hα)), which is
known to have biases (e.g., Morales-Luis et al. 2014). On
the other hand, the SDSS spectrum of the region gives
a metallicity of around 7.8 when using either the direct
method (DM) or the HIICM procedure by Perez-Montero
(2014) (Ruben Garc´ıa-Benito 2017, private communi-
cation). In order to remove uncertainties and secure
the metallicity estimate, we obtained long-slit spectra of
the galaxy integrating for 2.5 hours with the instrument
OSIRIS at the 10-m GTC telescope. The slit was placed
along the major axis.
The resulting visible spectra cover from 3600 A˚ to 7200
A˚ with a spectral resolution around 550, thus containing
all the spectral lines listed below that are needed for the
metallicity measurement, including the critically impor-
tant temperature sensitive line [OIII]λ4363. The data
were calibrated in flux and wavelength using PyRAF6,
and Gaussian fits provided the fluxes of the emission
lines. We employed the code HIICM to infer O/H,
which requires [OII]λ3727, [OIII]λ4363, Hβ, [OIII]λ5007,
Hα, [NII]λ6583, and [SII]λλ6717,6737. HIICM was cho-
sen because it is robust and equivalent to the direct
method when [OIII]λ4363 is available (Pe´rez-Montero
2014; Sa´nchez Almeida et al. 2016). The oxygen abun-
dance thus obtained was 12 + log(O/H) = 7.83 ± 0.09,
considering 4′′ around the star-forming region. HIICM
estimates error bars from the difference between the ob-
served line fluxes and those predicted by the best fitting
photoionization model. The inferred metallicity is sim-
ilar when all the spectra of the galaxy are integrated
(7.78 ± 0.11), and even if only spectra from the faint
tail are considered (7.79 ± 0.18). HIICM also provides
6 http://www.stsci.edu/institute/software hardware/pyraf
N/O, which turns out to be roughly constant with a value
around log(N/O) ' −1.5±0.1, typical for the metallicity
assigned to Kiso 5639 (e.g., Vincenzo et al. 2016).
Curiously, the new data still show a slight metallic-
ity drop at the head from the N2 method, down to
12 + log(O/H) ∼ 7.6, with the same value, ∼ 7.8, as
for the HIICM measurements elsewhere. There is also
a slight indication of a drop in N/O in the head, by a
factor of ∼ 3, which is a ∼ 3σ deviation for the head
measurement compared to the average in the tail, but
only a 1σ devitation for the weaker tail measurement in
comparison to the head. This apparent drop in head
metallicity from the [NII] line explains the measurement
in Sa´nchez Almeida et al. (2013), but it is not viewed
as relevant for our CO observations, which need the
Oxygen abundance. Thus we use the HIICM value of
12 + log(O/H) = 7.83 ± 0.09 to determine αCO in the
head where CO is detected.
2.2. CO Observations
We obtained observations of Kiso 5639 on May, July
and August 2017, with the Northern Extended Millime-
ter Array (NOEMA) at Plateau de Bure, in the CO
(J = 1− 0) line, at 114.572 GHz redshifted to the veloc-
ity of Kiso 5639. The observations were carried out with
either 7 or 8 antennas in Configuration D, with baselines
between 15 m and 175 m. We used the Widex correlator,
with a total bandwidth of 3.6 GHz and a native spectral
resolution of 1.95 MHz (5.1 km s−1).
Data reduction, calibration and imaging were per-
formed with CLIC and MAPPING softwares of
GILDAS7, using standard procedures. Images were re-
constructed using the natural weighting, resulting in a
synthesized beam of 2.′′8×3.′′7 (PA=26◦). The rms noise
in the CO cube is 14.3 mK (1.6 mJy beam−1) in a 5.1 km
s−1 channel.
The resulting data cube was integrated between LSR
velocities of −62.3 km s−1 and −26.5 km s−1 where CO
emission was observed. The rms was measured in the
integrated image and a mask for pixels with emission
greater than 2σ was made. The average spectrum of
Kiso 5639 was obtained within this mask. A 1D Gaussian
fit to this spectrum gives VLSR = −42.1 ± 2.2 km s−1,
FWHM= 35.2 ± 5.3 km s−1, peak emission 32.1 ± 4.5
mK, and average integrated line profile, 1203± 247 mK
km s−1, as summarized in Table 1.
Figure 1 shows a map of the main emission and the
integrated spectrum. The velocity resolution is 5.11 km
s−1, the half-power beam size is 2.85′′ × 3.72′′, and the
rms is 1.6 mJy/beam. The equivalent radius of the source
is 2.35′′ (280 pc), which corresponds to the area of the
detection contour, 2.45× 105 pc2. The emission has two
peaks separated by 2′′, which is 240 pc. Spectra deter-
mined for each peak are shown in Figure 2. The blue
histogram is from one of the peaks and the green his-
togram is from the other; the red double peak histogram
is the composite. Each histogram has a Gaussian fit, as
indicated by the red lines and the black line. The inte-
grated line fits to these spectra and the derived quantities
are in Table 1.
Several other regions inside the primary beam of the
NOEMA telescope were also suspected of containing CO
7 http://www.iram.fr/IRAMFR/GILDAS/
3emission, but the brightness temperatures were less than
20% of the peak shown in the figure, and we do not con-
sider them to be definitive detections of molecular gas.
These include the contoured regions to the southwest and
northwest of the main emission in Figure 1.
3. RESULTS
Conversion from the observed CO flux to a molecular
mass depends on the conversion factor, αCO. Hunt et
al. (2015) suggested an extrapolation of αCO from the
solar neighborhood value to low metallicity Z as αCO =
4.3(Z/Z)−2 M pc−2
(
K km s−1
)−1
, where Z is the
solar metallicity corresponding to 12 + log(O/H) = 8.69
(Asplund et al. 2009), and Z is the metallicity for Kiso
5639 corresponding to 12 + log(O/H) = 7.83. The local
conversion factor is αCO, = 4.3 M pc−2
(
K km s−1
)−1
including He and heavy elements (Bolatto et al. 2013).
Similarly, Amor´ın et al. (2016) suggested an extrapola-
tion as Z to the power −1.5. In the first case, the result
for Kiso 5639 would be αCO = 225 in these units, and in
the second case it would be 84. Compared to the WLM
galaxy, where αWLM ∼ 124± 60 (Elmegreen et al. 2013)
and 12 + log(O/H)WLM = 7.8, αCO = 108 and 112 for
the same power law scalings. On the other hand, if we
extrapolate between the low-Z αCO values determined
by Shi et al. (2016), we would get αCO ∼ 600 and 900
at Z = 7.8, respectively, which results in a much larger
molecular mass. Here we take αCO ∼ 100 as a conserva-
tive estimate.
For the observed CO average integrated line pro-
file, 1.2 ± 0.2 K km s−1, estimated αCO =
100 M pc−2
(
K km s−1
)−1
, and CO source area, 2.45×
105 pc2, the H2 mass is the product of these, 2.9 ×
107 M, with the largest uncertainty in the value of αCO,
which is probably a factor of 2. The mass divided by
the total emitting area is the molecular surface density,
Σmol = 120 M pc−2.
In this same region, the star formation rate is ∼
0.04 M yr−1 and the star formation surface density
is 0.23 M pc−2 Myr −1, as given above. These im-
ply that the molecular gas consumption time is 0.5− 0.7
Gyr, which is slightly less than in normal spiral galaxy
disks (Bigiel et al. 2008; Schruba et al. 2011). This
time is about the same as in the SMC, where the
metallicity is also low (Z ∼ 0.2Z) and αCO is high,
∼ 220 M pc−2
(
K km s−1
)−1
(Bolatto et al. 2011).
Following the same method, the masses of the two com-
ponents of the emission in Figures 1 and 2 can be deter-
mined (see Table 1). The component in the east has a
velocity of −35 km s−1 and an average integrated line
profile of 0.66 ± 0.25 K km s−1, and the component in
the west has a velocity of −54 km s1 and an average in-
tegrated line profile of 0.47±0.22 K km s−1. We assume
each has the same total area. Then the masses are these
line integrals multiplied by the areas and the αCO factor,
which are 1.6 × 107 M in the east and 1.1 × 107 M
in the west, with surface densities of 66 M pc−2 and
47 M pc−2, respectively. The velocity difference be-
tween the components, 19 km s−1, is nearly half of the
rotation velocity of the galaxy, 34.7±6.2 km s−1 (Sa´nchez
Almeida et al. 2013), suggesting a catastrophic event.
The masses, radii, and velocity dispersions can be com-
bined to determine the virial ratio, 5Rσ2/(GM), where
σ = 0.42 × FWHM. These ratios require a deconvolved
radius, R which is (2.352 − 2.85× 3.73/4)0.5 = 1.69′′ for
the total cloud (using the source and beam sizes from
above). The radii of the components are taken to have
upper limits equal to the average beam size of 1.63′′. The
results are in Table 1. The virial ratios are in the range
< 1.1 to 1.8, which suggests that the whole cloud and
the two separate parts are gravitationally self-bound.
Figure 3 shows the HST image of Kiso 5639 in Hα, V,
and B bands with superimposed CO contours at values of
2σ, 3σ and 4σ. The main molecular cloud is 2.2′′ = 260
pc to the east of the bright star formation region. This
offset means that comparisons to the Kennicutt-Schmidt
relation are not exactly appropriate. Still, the molecular
gas reservoir for the starburst appears to be of sufficient
mass to explain the observed young stars.
Figure 4 shows the same CO contours on the HST Hα
image of the whole galaxy. An expanded view of the head
region is on the left, where the black contours are 3%,
10% and 20% of the peak Hα emission. Offset positions
are as in Fig. 1.
4. IMPLICATIONS
Subject to uncertainties about the conversion factor
between CO emission and molecular gas mass, our ob-
servations suggest that a 2.9 × 107 M molecular cloud
with a surface density of ∼ 120 M pc−2 spanning a re-
gion 560 pc in diameter is associated with the starburst
head of the tadpole galaxy Kiso 5639, where HST obser-
vations previously suggested that the star formation rate
is 0.04 M yr−1 and the star formation surface density
is 0.23 M pc−2 Myr−1.
The molecular surface density is comparable to that in
giant molecular clouds in local galaxies, which average
100 − 200 M pc−2 (Heyer & Dame 2015), but the ex-
tinction through the molecular cloud in Kiso 5639 should
be much less. Considering the local conversion factor be-
tween color excess and HI column density (Bohlin et al.
1978), AV = N/(1.87×1021 cm−2), for a ratio of total to
selective extinction R = 3.1, and using a mean molecular
weight of 1.36 times the hydrogen mass, the extinction
through a cloud is related to its surface density by
Σgas = 20.2AV (Z/Z) M pc−2. (1)
For Kiso 5639, Z/Z = 7.2, so the observed Σgas =
120 M pc−2 corresponds to AV = 0.8 mag. In the
solar neighborhood, this is comparable to the threshold
for CO formation (Pineda et al. 2008; Glover & Clark
2012). The same extinction threshold was obtained for
the WLM galaxy at a metallicity of 12+log(O/H) = 7.8,
where pc-size CO clouds in the core of a giant HI and H2
envelope had a total shielding column density equivalent
to ∼ 1.5 mag visual extinction (Rubio et al. 2015, see
also Schruba et al. 2017).
The assumed value of αCO =
100 M pc−2
(
K km s−1
)−1
implies that the ratio
of invisible molecular hydrogen to observed CO is high,
∼ 23 times higher than in the solar neighborhood. A
similar situation arises for the low-metallicity galaxy
WLM, where the CO clouds resolved by ALMA are pc-
scale inside resolved HI and dust clouds that are ∼ 200
pc in size. If the peak CO antenna temperature of ∼ 30
4mK in Kiso 5639 corresponds to a beam-diluted thermal
temperature of ∼ 30 K, which is not unreasonable for a
molecular region of intense star formation (e.g., Glover
& Clark 2012), then the beam-dilution factor of the
total CO is ∼ 10−3, and their individual radii would be
∼ 0.03/√N of the overall cloud radius, or ∼ 9/√N pc
for N cores.
Such small CO cores would presumably have a collec-
tive motion that is observed as the CO emission Gaussian
linewidth of σ = 15 km s−1. Considering again a typical
dense cloud temperature of 30 K, these motions would
have a Mach number of ∼ 46 and a compression ratio
in the shocked regions of approximately the square of
this, ∼ 2000. The average compressed density is then
the compression ratio times the average density. The av-
erage density is the surface density divided by the cloud
thickness. For a self-gravitating slab, the thickness is
2σ2/(piGΣgas), which is 140 pc in our case. Then the
average density is ∼ 7.6 cm−3. If this average density
is compressed by shocks, then the density in the com-
pressed regions, where the CO might actually be located,
is 1.6 × 104 cm−3. For a temperature of ∼ 30 K, the
thermal pressure would be 4.8×105kB. This derivation of
pressure is the same as what we would get from the equa-
tion for self-gravitational binding pressure, (pi/2)GΣ2gas,
using Σgas ∼ 120 M pc−2. Any additional contribution
to the surface density from atomic gas in an envelope
around the molecular cloud would increase the pressure.
The derived pressure inside the Kiso 5639 molecular
cloud is comparable to the pressures in local giant molec-
ular clouds, corresponding to similar surface densities.
Pressure has been proposed to control the fraction of
mass in the form of bound clusters in the star forma-
tion process (Kruijssen 2012). Kiso 5639 has a rela-
tively high clustering fraction, 30%-45% (Elmegreen et
al. 2016) compared to other dwarf galaxies (Billett et al.
2002), perhaps because of its relatively high pressure. Its
clustering fraction is about the same as in spirals (Adamo
et al. 2015) where the pressure is the same.
High pressure might also be necessary to form more
massive clusters (Elmegreen & Elmegreen 2001). The
present observation of molecular clouds close to the ex-
tinction threshold for molecule formation (and in Rubio
et al. 2015; Schruba et al. 2017) suggest that the surface
densities (and therefore pressures) of star-forming clouds
will be higher at lower metallicity. That is, low metallic-
ity and the corresponding low dust opacity per column of
gas could diminish the ability of self-gravitating clouds
to shield themselves against background starlight. This
would delay the formation of molecules and cold ther-
mal temperatures until the cloud surface density is high.
Then the pressure, which depends only on the surface
density, would become high too. The result would be a
greater likelihood of gravitationally bound massive clus-
ters in low metallicity galaxies. Massive concentrations
of molecular gas as in Kiso 5639 would be needed too.
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5Table 1
CO cloud Properties
Cloud VLSR Tpeak FWHM Ave. Line Int. Radius Mass Surface Density Virial Ratio
km s−1 mK km s−1 K km s−1 arcsec ×106 M Mpc−2 5Rσ2/(GM)
Total −42.1± 2.2 32.1± 4.5 35.2± 5.3 1203± 247 1.7 29 120 1.8
East −35.2± 3.8 29.8± 4.3 20.8± 7.1 659± 245 < 1.6 16 66 < 1.1
West −54.3± 3.8 24.7± 7.3 17.8± 6.5 469± 219 < 1.6 11 47 < 1.1
Figure 1. Left panel: color image shows the CO(1−0) emission integrated from −62.3 to −26.5 km s−1 in units of Jy beam−1 km s−1.
The blue plus symbols are the centers of the two velocity components. The size of the beam of 2.′′8×3.′′7 is shown in the bottom-left corner.
Offset positions are relative to α: 11h41m7.s598, δ: 32◦25′36.′′94 J2000. Contours correspond to the emission at 2σ, 3σ and 4σ, with σ =38
mJy beam−1 km s−1. The red contour highlights the 2σ emission. Right panel: CO(1−0) line profile integrated over the area defined by
the 2σ contour, in temperature brightness. Black line is the fit to the spectrum using a Gaussian curve. The 3σ level of the spectrum is
marked.
6Figure 2. CO(1−0) spectra for the different cloud components. The red histogram is the CO(1−0) line profile for the main cloud, as
shown in Fig. 1. The blue and green histograms are obtained by integrating at the positions of the blue and green crosses in Fig. 1, within
an aperture size equal to the beam size. The red curves are Gaussian fits to the individual components and the black curve is the fit to the
main cloud spectrum using two components. We have marked the 3σ levels for each spectrum.
Figure 3. Color image of Kiso 5639 from HST (Elmegreen et al. 2016) in Hα, V, B bands with superimposed CO contours at values of
2σ, 3σ and 4σ. The main molecular cloud indicated by the contours contains ∼ 3 × 107 M and is offset from the bright star formation
region near the head of this tadpole galaxy. This lopsided structure is proposed to be the result of gaseous accretion or an impact event.
7Figure 4. The left image shows the Hα emission in Kiso 5639 as a grayscale obtained with HST (Elmegreen et al. 2016) and enlarged
around the head region near the giant molecular cloud. The black contours are 3%, 10% and 20% of the peak Hα emission and the blue
contours are 2σ, 3σ and 4σ for the CO(1−0) integrated emission. Offsets positions are as in Fig. 1. The right image shows the HST Hα
and CO contours for the full galaxy.
